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Porcine gelatin films doped with a number of biological compounds at various concentra- 
tions and prepared by spin-casting have been used as model biological tissue matrices for 
studying organic ion emission Jn molecular secondary ion mass spectrometry. For many 
compounds, portions of the working curves were found to be linear over several orders of 
magnitude in concentration. Detection limits for the ,analyzed compounds were in the parts 
per million range for several organic salt compounds but high (0.1 wt%) for others. Owing to 
the presence of a significant chemical background, the poorest detection limits were gener- 
ally obtained from compounds with low molecular weights. Secondary ion yield matrix 
effects, indicated by a reduction in ionization efficiency at higher concentrations, were 
observed for several organic salt compounds. (J Am Sot Mass Spectrom 2993,4, 419-423) 
A nalysis and imaging of physiologically impor- tant organic compounds in biological materi- als, such as tissue, by secondary ion mass spec- 
trometry (SIMS) have become an area of much interest 
in recent years [l-3]. Progress in this area has been 
hampered by our poor understanding of molecular 
emission from the tissue matrix. A number of issues 
remain to be clarified: How severe is chemical back- 
ground? What detection Limits would be expected for 
different types of compounds? Are ion yields in molec- 
ular SIMS proportional to concentration? To examine 
these questions, it would be advantageous to have a 
tissue or tissuelike matrix that eliminates the problems 
associated with analysis of real tissue samples (i.e., 
gross heterogeneity and charging). One approach, of- 
ten used for elemental analysis of biological tissue, is 
to use doped gelatin or Epon plastic as a tissue model 
[4-71. Gelatin has several advantages: It is readily 
available and easy to prepare; its elemental composi- 
tion is similar to that of tissue; it is compatible with the 
high vacuum of the SIMS instrument; and it can be 
doped with a variety of molecular species. Gelatin 
films for elemental analysis have typically been pre- 
pared by dropping the gelatin onto a metallic substrate 
and allowing it to air dry; however, this produces a 
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film that is nonuniform in thickness and very suscepti- 
ble to charging during analysis. To minimize charging, 
the samples are typically overcoated with a conductive 
metallic layer. Although this causes no difficulties for 
elemental analysis, the analyte molecules in a molecu- 
lar film would be completely fragmented by the pene- 
trating ion beam during sputter removal of the metal- 
lic overlayer. In this study a new method is developed 
for preparing gelatin films using spin-casting, which 
produces films with superior homogeneity and mini- 
mal charging problems. These films allow us to study 
the emission of molecular species from a tissuelike 
matrix under well-controlled conditions. The linearity 
of the calibration curves and the detection limits for 
several different compound/gelatin mixtures are eval- 
uated. Also, the possibility of using these gelatin films 
as standards for molecular imaging SIMS is demon- 
strated. 
Experimental 
Porcine gelatin A (2% by weight, Sigma Chemical Co., 
St. Louis, MO) were prepared in distilled water at 
- 80°C. Stock solutions of the analyte compounds were 
prepared, and serial dilutions were used to generate 
standards of various concentrations. Aliquots of the 
standard solutions were then added to the gelatin 
solutions. Concentrations were calculated on the basis 
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of dry weight for both the gelatin and analyte com- 
pounds. For each compound studied, six samples were 
prepared with concentrations ranging from 1 ppm to 
10% by weight. Compounds used in this study were 
obtained commercially and used without further pu- 
rification. The spin-cast doped gelatin films were pre- 
pared by depositing one drop of the gelatin/com- 
pound mixture (while still warm and not too viscous) 
onto a l-cm X l-cm silicon wafer slice that was spin- 
ning at 12,000-15,000 rpm on a May Spinning Disk 
Aerosol Generator (BGI Inc., Waltham, MA).* Spin- 
casting of the gelatin solutions results in a flat, home- 
geneous film that completely covers the silicon sub- 
strate. Film thicknesses, as measured with a surface 
profilometer, were found to be 30-50 nm. This was 
sufficiently thin to eliminate the need for charge com- 
pensation during SIMS analysis. Thicker films can be 
prepared by reducing the spin rate or increasing the 
viscosity of the mixture. Films prepared in this manner 
appear very robust and could be analyzed several 
months later with no apparent degradation. 
The films were analyzed on two different types of 
SIMS instrumentation. For many of the studies, a com- 
mercially available Cameca Ih4SSF or 4F ion micro- 
scope was used. The gelatin films were analyzed using 
an 8.0-keV Arf beam rastered over an area of 500 
pm X 500 pm, with detection of positive secondary 
ions. The instrument can be operated under static 
(primary ion dose less than or equal to 1 X 10” 
atoms/cm’) or dynamic (primary ion dose greater 
than 1 x 1013 atoms/cm’) analysis conditions. Unless 
otherwise stated, analyses were performed under dy- 
namic analysis conditions, with a total primary dose 
exceeding 1 x 10’” ions/cm’. At this dose, the parent 
compound was completely consumed or fragmented. 
Working curves were constructed by taking the inte- 
grated areas under the signal decay curves for the 
parent molecule (normalized to a constant chemical 
background signal level) and plotting them as a func- 
tion of analyte concentration in units of grams of 
compound per gram of gelatin matrix. For secondary 
ion imaging studies, images were obtained with a 
scientific-grade slow-scan charge-coupIed device 
(CCD> camera (Star 1; Photometrics Inc., Tucson, AZ). 
The sample chamber pressure of the Cameca IMS 4F 
was _ 3-4 x 10 lo torr, and introduction of the gelatin 
film samples did not result in any significant increase 
in this base pressure. 
A time-of-flight (TOF) SIMS mass spectrometer was 
also used to examine the gelatin films. This instrument 
was constructed at the Naval Research Laboratory 
(NRL) and is discussed in detail elsewhere 181. The 
instrument utilizes a pulsed-ion gun containing a 
‘Certain cummercial equipment, inshxments, or materials are identi- 
fied in this report tu specify adequately the experimental procedure. 
Such identification does not imply recommendation or endorsement 
by the National Institute of Standards and Technology, nor does it 
imply that the materials or equipment identified are necessarily the 
best available for the PUT. 
thermionic emitter source that produces Z-5-ns (full 
width at half-maximum) pulses of 13.0-keV Cs+ ions. 
These primary ions bombard the sample, which is held 
at the secondary accelerating potential of +5 keV, 
resulting in a primary ion impact energy of 18.0 and 
8.0 keV for negative and positive secondary ions, re- 
spectively. The mass analyzer consists of a 60-cm flight 
path into a reflection electrostatic mirror where the 
secondary ions are focused and reflected along the 
flight path to a dual-channel plate detector. The pri- 
mary ion beam had an average continuous current of 
12 nA and bombarded a sample area of approximately 
3 mm’. This resulted in a total primary dose during an 
analysis of 3 X 10’ cycles (3 ns/cycle) of approxi- 
mately 2 X 10” ions/cm’, well within the static SIMS 
limit. Working curves were established by plotting the 
integrated intensity of the parent ion peak relative to 
the integrated intensity of m/z 73 (a constituent of the 
gelatin matrix) as a function of concentration. 
Results and Discussion 
Analysis of Doped Gelatin Films 
As shown in Table 1 a number of different types of 
compounds were prepared in the gelatin matrix. These 
films were analyzed in both SIMS instruments, with 
similar working curves and detection limits obtained 
from each. Figure 1 shows the response curve for 
tetrabutylammonium bromide as a function of concen- 
tration as acquired on the TOF SIMS instrument. Simi- 
larly, Figure 2 shows the curve for benzalkonium chlo- 
ride (a germicide used in many personal care prod- 
ucts), also obtained on the TOF SIMS instrument. The 
working curves for these compounds exhibit nonlinear 
behavior as a function of increasing concentration (for 
comparison, a theoretical linear signal response with 
increasing concentration is shown by a dotted line). 
These effects are discussed later. For both of these 
compounds, detection limits were - 1 ppm (the de- 
tection limit was defined as the concentration at which 
the integrated analyte signal is at least two times the 
discrete chemical background). These detection limits 
are well within the range of what would be considered 
physiologically relevant. It should be noted that the 
detection limit data were by no means optimized, and 
the numbers reported should be considered upper 
Table 1. Detection limits for compounds in gelatin films 
Compound 
Acetylcholine 
Epinephrine 
Cocaine 
Tetrabutylammonium bromide 
Tetrapentylammonium bromide 
Benralkonium chloride 
Secobarbital 
Methylene blue 
Detection limit range 
(g compound /g gelatin) 
0.001 -0.01 
0.01 -0.1 
10-4-10-3 
1 x 10‘” 
0.2-Z x 10-6 
1 x 10-e 
10-4-10-3 
10-4-10-3 
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Figure 1. Response curve for tetrabutylammonium bromide ils 
a function of concentration in gelatin, as acquired on the NRL 
TOF SIMS instrument. To highlight deviations from linear behav- 
ior, a theoretical linear signal respnse with increasing concentra- 
tion is shown by the dotted line. 
limits. It has recently been shown that by appropriate 
selection of primary ion energy, species, and impact 
angles, improvements can be made in the number of 
intact molecules detected in an organic SIMS experi- 
ment 111. Other compounds, such as cocair,.. hydro- 
chloride, shown in Figure 3 (ion microscope data), 
exhibited linear working curves but had much poorer 
detection limits. This probably reflects the lower ion- 
ization yield for protonated molecular ions. A sum- 
mary of detection limit ranges for the compounds 
examined is presented in Table 1 (in this case we 
define the detection limit range as the range in concen- 
tration in which the analyte signals fall to two times 
the discrete chemical background). 
0.01 m 
1 10 ld lo* 10' lo5 roe 
ppm Benzalkonium Chloride 
Figure 2. Response curve for benzalkonium chloride (a germi- 
cide used in many personal care products) as a function of 
concentration in gelatin, as acquired on the NRL TOF SIMS 
instrument. To highlight deviations from linear behavior, a theo- 
retical linear signal response with increasing concentration is 
shown by the dotted lint. 
1 10 lo2 10" 10' 10" 
ppm Cocaine 
Figure 3. Response curve for the protonated molecular ion of 
cocaine as a function of concentration in gelatin, as acquired on 
the ion microscope. No saturation in signal is observed at higher 
analyte concentrations. 
Film Homogeneity 
Evaluation of the homogeneity of the gelatin films was 
not possible with the NRL TOF SIMS because the 
position of the sample is fixed, preventing multiple 
analyses at different positions. To check the homogene 
ity a brief study was conducted with another TOF 
SIMS instrument (Kratos 401LS; Kratos, Ramsey, NJ) 
using 25-keV gallium bombardment of a 700-ym X 
700~pm square area at various positions on the sam- 
ple. In this case the spot-to-spot reproducibility for the 
normalized signal intensity was better than 10%. Us- 
ing the ion microscope in the static analysis mode 
(primary dose less than 1 X 1013 ions/cm2), with an 
analysis area of 500 pm X 500 pm, also gave a spot- 
to-spot reproducibility of N 10% (in this analysis only 
integrated signal intensities were used without nor- 
malization to a reference mass). Under dynamic analy- 
sis conditions, the reproducibility of the integrated 
signal (normalized to the carbon matrix signal) in the 
ion microscope was worse, with an average variation 
for an individual sample of - 30%. The poor repro 
ducibility under dynamic conditions may result from 
the rapid decay in parent molecular ion signal (com- 
plete consumption of the molecule occurs in l-5 min). 
In the ion microscope instrument, with higher current 
primary beams, there is a significant flux of neutrals 
and scattered primary ions that strike a region much 
larger than the area being analyzed. This process can 
lead to predamaging of analyte molecules in a suppos- 
edly virgin area of the sample before that area is 
analyzed. Multiple profiles on the same sample often 
show a systematic loss of signal in the initial, highest 
intensity portions of the signal decay curve. This can 
lead to a significant error in the integrated signal 
calculation. One advantage of using dynamic analysis 
conditions for the analysis of these gelatin films is that 
a modest improvement in signal (slightly less than a 
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factor of 2) can be achieved by consuming all of the 
sample. This may prove beneficial for maximizing de- 
tection limits but has a commensurate loss in repro- 
ducibility. 
Chemical Background 
It is interesting to note that some of the lower mass 
compounds, notably the neurotransmitter acetyl- 
choline, have very poor detection limits. This is thought 
to result in part from the presence of a discrete back- 
ground arising from polyatomic cluster ions. This 
background can severely degrade detection limits for 
lower mass analyte compounds. The influence of this 
background can be seen in the ion microscope mass 
spectrum shown in Figure 4 for a 0.1-g/g (10 wt%) 
acetylcholme/gelatin mixture. Even for a compound 
such as acetylcholine, which is considered to have a 
high ion yield, the detection limit range for the parent 
cation (m/z 146) was between 0.001 g/g (0.1 wt%) 
and 0.01 g/g (1 wt%). Similar poor detection limits 
were obtained for other lower mass compounds, such 
as epinephrine and tetraethylammonium bromide. Fig- 
ure 5 shows the mass spectrum of a gelatin blank 
acquired on the TOF SIMS instrument, illustrating that 
the background extends to better than 1000 u. Over the 
mass range of the compounds examined (100-300 u), 
we find that compounds with higher molecular weights 
give better detection limits. This is partially due to the 
reduced chemical background but also, in the case of 
the quaternaw salt molecules, to the ion yield en- 
hancement, which occurs as the size of the cation 
increases (with increased cation size, the attractive 
coulombic force between the cation and anion is de- 
creased, making it easier to separate the two counter- 
ions and increasing the observed secondary ion signal) 
[9]. Although we have not explored them in this study, 
there are several approaches that could be used to 
reduce the influence of the discrete chemical back- 
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Figure 4. Mass spectrum from 0.1 g/g acetylcholine in gelatin 
standard showing the influence of background on detection limit 
in the ion microscope. 
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Figure 5. Mass spectrum for a blank gelatin film obtained on 
the TOF SIMS instrument demonstrating the chemical back- 
ground. 
ground. These include the use of high mass resolution 
[6], selective energy filtering [lo], and tandem mass 
spectrometry SIMS imaging Ill]. 
Matrix Effects 
We often observe nonlinear working curves for many 
of the quaternary ammonium salt compounds that we 
have examined. This effect is characterized by a satu- 
ration in secondary ion signal at increasing analyte 
concentrations (see Figure 1). This effect has not been 
observed for compounds that form protonated molecu- 
lar ions. The variation from linearity also seems to 
depend on the quatemary compound being analyzed, 
with some compounds, such as tetrapentylammonium 
bromide (Figure 61, showing nonlinear behavior only 
at the highest concentrations. Although the origin of 
this effect is not clear, it is possible that the saturation 
in signal may be due to a higher probability for reneu- 
tralization with increasing counterion concentration 
Figure 6. Series of secondary ion images from tetrapentylam- 
monium bromide doped in gelatin as a function of concentration. 
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[121. In any case the observation of molecular matrix 
effects suggests that care will have to be taken in the 
interpretation of quantitative data from real samples in 
which localized analyte molecular concentrations (or 
localized counterion concentrations) may result in 
smaller secondary ion signals than from adjacent re- 
gions where the true concentration is actually lower. It 
might be expected that similar effects may occur for 
cationized molecular species, such as [M + K]+ and 
[M + Na]‘. In this case it will be important to deter- 
mine whether the signal reflects the composition of the 
analyte molecule or local variations in the concentra- 
tion of the adduct species. Cicarly, for quantitative 
interpretation these questions are important. 
Quantitative Molecular Imaging Standards 
One of the most intriguing aspects of SIMS is its 
potential ability to generate images of the spatial dis- 
tribution of organic molecules in biological systems 
[l-3]. One of the initial goals of the present study was 
to develop standards that could potentially be used to 
quantify (on an individual pixel basis) an image from a 
molecular species in an unknown sample. In addition 
to bulk analysis, the homogeneity of the doped spin- 
cast films could make them useful as standards for 
quantitative molecular imaging SIMS studies. A tet- 
rapentylammonium bromide gelatin film was ana- 
lyzed using a slow-scan CCD camera imaging system 
as the primary detector (shown in Figure 6). Signal 
intensities were determined by integrating the total 
secondary ion counts in each image. The resulting 
working curve is displayed in Figure 7. Because of its 
high linearity and high dynamic range, the CCD cam- 
era is ideally suited for these studies, and working 
curves were obtained over a concentration range 
2 x 1O-5-o.o2 g/g. 
ppm Tetrapentylammonium Bromide 
Figure 7. Working curve generated from the integrated counts 
in each image of Figure 6. To highlight deviations from linear 
behavior, a theoretical linear signal response with increasing 
concentration is shown by the dotted line. 
dards for quantitative molecular imaging studies. The 
gelatin films may prove useful for fundamental studies 
of molecular desorption from biological matrices, al- 
lowing us to study matrix effects and ionization phe- 
nomena. 
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